This paper proposes a new out-of-plane strengthening method for masonry walls with passive compression, which is applied to wall cross-section by restraining axial deformation with steel rods. The strengthening mechanism is presented and implemented to verify its availability. Three brick wall specimens were prepared and tested with/without strengthening. As a result, the proposed method significantly improved the structural performance of walls in the out-of-plane direction. Moreover, in this paper, a theoretical calculation procedure is presented for the performance evaluation. The out-of-plane performance of the strengthened specimens was reasonably evaluated through the procedure.
Introduction
Masonry is one of the oldest structural systems and has been widely used over the world even after engineering materials such as concrete and steel had been introduced in construction. Brick masonry is still the most popular building component in developing countries due to its easy handling and cost-effectiveness. Unfortunately, however, no reinforcement is provided in old existing masonry buildings and non-structural masonry components such as exterior/partition walls in developing countries. Such walls are significantly vulnerable to out-of-plane loads which may be caused by seismic action, high speed wind, or blast impact. Therefore, there have been numerous efforts: e.g. References 1) to 6) to upgrade the out-of-plane performance of masonry walls and to develop strengthening schemes. ElGawady et al. 1) reviewed typical techniques for retrofitting existing unreinforced masonry buildings, and categorized into five methods: surface treatment, grout and epoxy injection, external reinforcement, confining by R/C tie columns, and post-tensioning. The surface treatment seems to incorporate external reinforcements in some techniques by e.g. Hamoush et al. 2) and Bajpai et al 3) . They applied fiber reinforced polymer overlays and bars, respectively, to upgrade existing masonry walls. On the other hand, the grout and epoxy injection and the confining by R/C tie columns are very conventional techniques for retrofit. Recently, however, several developed techniques were proposed by e.g. Takiyama et al. 4) and F. Mosele et al. 5) The former inserted stainless pins with epoxy resin in masonry walls to strengthen the out-of-plane performance. The latter presented new systems which incorporated ties into masonry walls. Moreover, the post-tensioning is an alternative retrofit method which can effectively provide structural stability, as reported by e.g. Ismail et al. 6) . This system is particularly valuable when strengthening historical buildings because it can maintain exterior appearances. However, it generally requires high construction cost, high skills in construction, and maintenance even after constructions, which are not suitable for application in developing countries. Therefore, this study proposes a new post-tensioning system which can reduce specific difficulties in the conventional system, as briefly mentioned below. The new strengthening system utilizes geometric deformation characteristics of masonry as well as mechanism of conventional post-tensioning system. Outer steel rods are provided to apply compression to wall cross-section. Although the conventional post-tensioning system improves sectional performance under previously applied compression, it is not essential to this system.
Compression is passively induced with geometric axial elongation under out-of-plane loads which is caused by structural characteristics of masonry itself. Such strengthening mechanism is described in detail in the paper.
The major objectives of this study are to introduce the strengthening mechanism, to verify the proposed system through * Graduate Student, Graduate School of Engineering, Toyohashi University of Technology ** Associate Professor, Graduate School of Engineering, Osaka University, Dr. Eng.
( ) a series of laboratory tests, and to present a theoretical calculation procedure to evaluate the out-of-plane performance of strengthened walls.
Proposal of strengthening method
Masonry walls are commonly fragile in the out-of-plane direction when subjected to lateral loads caused by earthquake, wind, or blast. This is because of low tensile/bond strength of masonry units/adhesive. Therefore, applying compression e.g.
due to pre-stressing or post-tensioning is effective to improve the out-of-plane performance, as reported by e.g. Ismail et al. 6 as shown in Fig. 1(b) . Therefore, no previous stress is necessarily provided for the wall cross-section as well as restraint rods in the proposed system, which results in preventing/reducing complexity in construction, long-term pre-stress loss, and maintenance after construction.
A series of feasibility tests was conducted to verify the effectiveness of the proposed strengthening system using typical brick walls in Indonesia in the following.
Experimental specimens and methods
The proposed strengthening method was applied to brick wall specimens which were extracted from an earthquake-damaged building in Indonesia 7) , as shown in Photo 1.
Photo 1 Earthquake-damaged building and brick walls for test
Photo 2 Conditioned brick wall specimens Initial strain*/stress** ( / N/mm 2 ) -0/0 400/0.25 * tensile strain of rod. ** compressive stress on wall cross-section. Table 2 .
Two specimens of S and SI, except for N, were strengthened by M8 steel rods which were placed along the wall length and fixed to steel end plates provided at the wall ends, as shown in Photo 3
and Fig. 2 . Initial tensile strains were applied only to the rods of the SI specimen to induce initial compression on the cross-section, while no pre-stressing was provided for the S specimen. The cross-sectional area, Young's modulus, and yield strength of the rods are shown in Table 2 , respectively.
Photo 3 Brick wall specimen strengthened by the rods where, � : external moment, : total load, : wall length, :
uniformly distributed load.
Although the N specimen failed under a small moment of 158
Nm at an initial cracking, the strengthened specimens exhibited much higher resistances even after cracking. Photo 6 shows the specimens after cracking. It is found that the strengthened specimens sustained out-of-plane loads after a flexural crack -1196 -
Moment-drift angle relationships of specimens
Damage to specimens after/during loading an elastic plate in the authors' past study 8) , the rubber airbag could not completely adapt the v-shaped deformation observed in the strengthened specimens. Therefore, it is concluded that the external moments of the strengthened specimens evaluated by Eq. 1 are not exactly reliable, and that analytical discussion should be done to quantitatively compare the maximum strengths between the control and strengthened specimens, as described in the following section. Figure 6 gives the averaged strain from gauges pasted on the rods of the strengthened specimens versus drift angle relationships. Tensile strain of each specimen increased according to an increase of drift angle, which means that a higher compression acted on the cross-section under a larger drift angle. As a result, the higher resistances could be obtained from the strengthened specimens under compression passively induced by the proposed strengthening system. 
where, m: strain of masonry, Em: Young's modulus of wall, am:
averaged cross-sectional area of wall which defined by
based on an assumption of compression area as described in Fig.   9 . This assumption briefly represented a reduction of compression area at the crack, however, the interpolated reductions between the crack and wall ends had not been experimentally verified in this study.
Fig. 9 Assumption of compression area of wall
Observing the cracking behavior of strengthened specimens more precisely, they exhibited asymmetric behavior because a flexural crack occurred a little away from the middle span, as shown in Photo 6. Furthermore, the simplified model is modified to consider the location of crack, as shown in Fig. 10 .
The basic concept of asymmetric model is the same as that of symmetric model. The modified model gives a larger rotation angle of for the shorter separated wall, and different elongations of ∆ � and ∆ � for the shorter and longer walls, which are represented by Eqs. 8 and 9, respectively. These result in a modified axial strain of restraint rods, ε � , as shown in Eq.
10, which replaces Eq. 6 in the symmetric model.
In case of the shorter side:
In case of the longer side:
where : vertical deformation at the crack location, : length from the middle span to crack location, ∆ � , ∆ � : compressive deformation of shorter and longer walls, however, ∆ � + ∆ � = 2∆ � . It should be noted that an iterative process is needed to obtain the total restraint by rods and the passive compression on wall cross-section. It is carried out according to a flowchart in Fig. 11 .
The relationships between strain of rods and drift angle are obtained for the strengthened specimens through determining C Good agreements are obtained for both relationships in these figures, which verifies the performance evaluation method presented above. However, a little higher deformation capacities are evaluated by the theoretical evaluations, which seems to be caused by the stress block assumption adopted as shown in Fig.   8 .
Consequently, it is found from the experimental relationships in Fig. 13 that the maximum strengths of about 1000 kNm exceeded more than 6 times compared to that of the control specimen (refer to Fig. 5a ) by the proposed strengthening method.
Moreover, the initial strain applied to the SI specimen did not effectively contribute to the maximum strength, while a larger deformation/crack opening was observed under a lower moment for the S specimen. These results verify the rational strengthening mechanism of the proposed method, because cracks are likely to close not only under pre-tension but also under passive compression after unloading. 
Conclusions
A new strengthening method, which utilizes geometric deformation characteristics of masonry itself as well as restraint by steel rods, is proposed and verified to enhance the out-of-plane performance of masonry walls. Major contents of the paper are summarized as follows:
1. Mechanism of the proposed strengthening is introduced.
Out-of-plane performance of masonry walls can be enhanced by passive compression applied to wall cross-sections, which is caused by restraint of axial elongation of walls with their out-of-plane deformation.
2. The test results indicated that both of the retrofitted specimens exhibited much higher strengths and deformation capacities even after cracking of walls, nevertheless the unretrofitted specimen brittlely failed with the initial cracking. The proposed system could effectively improve the out-of-plane performance of masonry walls.
3.
A theoretical calculation procedure is presented for the out-of-plane performance evaluation of masonry walls strengthened by the proposed method.
4. The performance curves of the strengthened specimens showed good agreements between the experiments and analyses, which means that the presented calculation procedure can evaluate the out-of-plane performance of strengthened specimens well.
5. Due to the technical problem of the out-of-plane loading system, however, the experimental performance was represented by the internal moment, which was obtained by estimating the neutral axis depth at the location of crack.
Consequently, it was found that the maximum strengths were improved by about 6 times by the proposed strengthening method.
6. The initial strain applied to the rods contributed to reduce the out-of-plane deformation but did not affect the maximum strength. These results verify the proposed method without post-tensioning can effectively prevent out-of-plane failure of masonry walls. 
